In addition to increasing frequency, hospital costs of ASD surgery can easily exceed $100,000 per patient after accounting for overhead allocation, readmissions, and complications following surgery. 16 The real cost of treating adult scoliosis would be greater still, as these figures do not capture the large costs of outpatient care or prescription drugs, not to mention indirect costs incurred from lost productivity at work or family burden. As a result of increasing frequency and high costs of surgery, health care providers are under intense pressure to quantify the economic value of ASD and other complex spine surgeries. 6, 7, 16 Yet despite the importance of cost-effectiveness studies in ASD, to date there have been no published studies attempting to directly measure the incremental cost-effectiveness of surgical treatment for ASD. Research in this area has been hampered not only by access to reliable cost data and validated, utility-based quality-of-life outcomes, but also by the inherent empirical difficulties in estimating the impact of surgical versus nonsurgical treatment. In particular, it is known that nonsurgical patients differ from surgical patients in meaningful ways, specifically with regard to baseline health-related quality of life (HRQOL). 1, 4, 8, 11 Given the ethical restrictions on randomized surgical/nonsurgical trials, identifying the accurate benefit of surgical treatment on quality-adjusted life years (QALYs) requires careful empirical consideration. 13, 14, 17, 25 The objective of this study was to assess the incremental cost-effectiveness of surgical versus nonsurgical treatment for ASD based on hypothetical predictions of QALYs for surgical patients as if surgery were never undertaken. This approach is intended to reflect the common argument that surgical treatment should be pursued while the patient can still recover from surgery and before the deformity increases and HRQOL further deteriorates. Intuitively, this argument may be most relevant for younger ASD patients, for whom treatment decisions are driven more by the deformity itself rather than degradation in quality of life. 1, 11, 22 
Methods
This was a single-center retrospective study of consecutive ASD patients undergoing primary surgery with ICD-9 (International Classification of Diseases, Ninth Edition) principal diagnosis code 737.0-737.9 from January 2008 through June 2010 at Baylor Scoliosis Center in Plano, Texas. Patients younger than 18 years of age were excluded from the study. All patients underwent spinal fusion with a minimum of 3 levels fused.
Our measure of costs was the total costs incurred by the hospital for the episode of surgical care, expressed in 2010 dollars and totaled across the index surgery and any subsequent readmissions. Quality-adjusted life years were estimated from the 6-dimensional Short-Form Health Survey (SF-6D) and observed over a 3-year period, with HRQOL assessment at baseline (no more than 3 months prior to surgery for operative patients) and annually thereafter. 2, 3 Costs and QALYs were discounted at 3.5% annually. 2, 12 To assess the incremental effect of surgical treatment relative to nonsurgical treatment, a regression model was specified to predict hypothetical QALYs without surgery based on preoperative data. This model was estimated for a cohort of crossover surgical patients with similar diagnoses, baseline HRQOL, ages, and sex compared with the initial surgical cohort. This approach relies on data for patients with at least 2 preoperative HRQOL assessments who first visited the physician as nonoperative patients but ultimately underwent surgery after continued consultation.
Specifically, this approach estimates by ordinary least squares the following equation:
in which HRQOL at time t is estimated as a function of HRQOL at time t-1, along with the time elapsed (in years) from t-1 to t and additional observed patient characteristics (Z). The resulting coefficient estimates can be used to predict hypothetical HRQOL as if the patient had not undergone surgery, as a function of baseline HRQOL and other variables. Hypothetical QALYs without surgery were predicted 3 years into the future based on the regression model estimated in the equation above. Qualityadjusted life years through 5-and 10-year follow-up were then projected based on predicted QALYs as of year 3.
The regression analysis provides an estimate of the incremental improvement in QALYs from surgery compared with hypothetical QALYs if surgery had not taken place. The ratio of average discounted hospital costs to the discounted improvement in QALYs yields the estimated incremental cost-effectiveness ratio (ICER). We then estimated the associated 95% CIs, as well as costeffectiveness acceptability curves (CEACs), using a nonparametric bootstrap technique with 5000 iterations. This technique iteratively samples, with replacement, individual costs and QALYs from the full data set. At each iteration we take the average costs of the bootstrap sample and estimate the incremental effect of surgery. The process yields a sample of 5000 costs and incremental QALYs from which to form the CEACs and 95% CIs. 24 All analyses were performed using Stata 12.1 (StataCorp LP), and institutional review board approval was obtained to conduct the study.
Results
This analysis relied on two separate cohorts of patients: 1) surgical patients with 3-year follow-up (n = 120 of 181 consecutive patients with baseline HRQOL); and 2) crossover patients with two HRQOL assessments available preoperatively (n = 124). Table 1 summarizes the HRQOL outcomes and patient demographics for each cohort.
Regression analysis was used to predict hypothetical QALYs without surgery based on preoperative data for the 124 crossover surgical patients. Following the equation listed above, the regression specified follow-up HRQOL as a function of a patient's initial HRQOL, age, sex, interactions between these 3 variables, and the time between initial HRQOL assessment and follow-up (range 4 months to 2 years). These regression results are summarized in Table 2 . The results also satisfy a series of speci-fication tests, including the Shapiro-Wilk test of normally distributed errors (p = 0.28), the Ramsey RESET test of omitted variables (p = 0.50), and the link test of proper model specification (p = 0.99).
We then applied the regression results from Table 2 to the observed data on the surgical cohort. Hypothetical QALYs were predicted through 1-and 2-year follow-up, and the percentage change from year 1 to year 2 was used to predict QALYs at years 3, 5, and 10. These hypothetical QALYs were then compared with the observed QALYs at 3-year follow-up, and the subsequent projections through 5-and 10-year follow-up, respectively.
The regression results in Table 2 predicted a hypothetical 1.60 QALYs without surgical treatment after 3-year follow-up, whereas an average of 1.93 QALYs were observed for this same patient group at 3 years following surgery (Table 1) . Based on hospital costs of $125,407, the ICER was estimated to be $374,428 with a 95% CI of $311,400 to $455,600. Projecting through 5-and 10-year follow-up, the estimated ICERs were $198,000 and $80,387, respectively, with 95% CIs of $167,400 to $237,000 at 5-year follow-up and $69,800 to $93,400 at 10-year follow-up (Table 3) .
The 10-year CEAC in Fig. 1 illustrates the probability that the dollar per QALY improvement falls below a given threshold value (the "willingness to pay" for surgical intervention). Each probability is calculated as the proportion of bootstrap-derived ICER estimates falling below a given cost-effectiveness threshold. For example, given a willingness-to-pay threshold of $90,000 per QALY gained, the CEAC estimates a 90% probability that surgical intervention for ASD is cost-effective after 10-year follow-up provided HRQOL would deteriorate without surgery.
Discussion
Most of the cost-effectiveness studies currently available in the spine literature concern the cost-effectiveness of surgical treatment in the lumbar spine, including disc herniation and degenerative spondylolisthesis. For example, as part of the Spine Patient Outcomes Research Trial (SPORT), Tosteson et al. studied the cost-effectiveness of surgical versus nonsurgical treatment for lumbar disc herniation. 23 The authors estimated costs based on patientreported utilization multiplied by Medicare per-unit allowable payment rates and measured outcomes as QALYs based on the EuroQol Group-5 Dimension (EQ-5D). The study reported an ICER of $69,403 for all patients and an ICER of $34,355 for Medicare patients. Based on direct costs only, the ICER increased to $72,181 for all patients and $37,285 for Medicare patients.
Glassman et al. analyzed the cost-effectiveness of single-level posterolateral lumbar fusion for 93 patients, with cost data based on actual reimbursements from third party payors and outcomes measured as QALYs based on the SF-6D. 2, 3, 9 As part of the cost of surgery, the authors included outpatient visits up to 6 months after surgery. The authors reported an average reimbursement amount per QALY of $164,261 after 1 year and $154,865 after 2 years, although estimates varied depending on the patient cohort of interest.
Although baseline HRQOL is often cited as a major factor for surgical decision making, it is certainly possible that physicians look to additional, unobserved factors in deciding whether to discuss surgical options with patients. Our approach incorporates one such factor-namely, the belief that surgery should be pursued earlier while the patient can sufficiently recover and before HRQOL significantly deteriorates. As such, the underlying assumption is that the degradation in HRQOL for crossover patients would be the same, conditional on baseline HRQOL and other patient characteristics, for other patients who underwent surgery more quickly (that is, without a period of surveillance) and that this same degree of deterioration in HRQOL persists throughout the follow-up time frame. If our assumptions are not valid, and nonsurgical patients would have remained at their baseline HRQOL values or improved in HRQOL over time, then prior work has shown that surgical treatment would not be as costeffective. In the absence of any deterioration, ongoing research has shown that ICERs for ASD surgery range from $276,000 to $476,000.
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Intuitively, several factors specific to spinal deformity likely influence the cost-effectiveness of ASD surgery compared with other spine studies in the literature. First, baseline HRQOL for ASD patients is higher on average than that of other spine surgery patients. For example, Glassman et al. reported a baseline SF-6D score of 0.5 and a postoperative SF-6D of 0.62 after 1 year. 9 In our analysis, average SF-6D at baseline was 0.62 among surgical patients, with SF-6D scores after 1 year averaging 0.69.
The high baseline HRQOL scores observed in our data are similar to those of other multicenter spine deformity studies. In particular, Bess et al., 1 Bridwell et al., 4 and Glassman et al. 10 report average baseline Oswestry Disability Index scores for surgical spine deformity patients of 33, 37, and 34, respectively, much lower (lesser disability) than the average Oswestry Disability Index score of 56 reported in Glassman et al. 9 in their 2012 study of single-level posterolateral lumbar fusion. Carreon et al. 5 also reported an average baseline SF-6D of 0.53 among patients with scoliosis, which was the highest average baseline score among all diagnostic categories considered.
Second, our analysis includes HRQOL assessments for patients with readmissions subsequent to their primary surgery. For example, average QALYs after 3 years were 1.71 among patients with a readmission (n = 23), compared with an average of 1.98 among patients without a readmission. The total hospital costs for those with a readmission averaged $183,000 compared with less than $112,000 for patients without a readmission. Given the invasiveness and painful recovery following ASD surgery, a return to surgery reduces average QALYs while also adding to the average cost of surgery. Readmissions may therefore have a substantial effect on the overall ICERs, and hence on the estimated value of surgical treatment for the average ASD patient.
A final point concerns our measure of costs. In this analysis, we have considered only the hospital costs incurred for surgery and have not considered the cost of nonsurgical treatment. Our estimate of incremental costs is therefore taken solely as the direct costs of surgery incurred by the hospital, including overhead but excluding physician's fees. This exclusion is appropriate in a general sense, given that surgical costs are fundamentally incremental when compared with costs for nonsurgical patients; however, to the extent that nonsurgical costs incurred through physician visits, long-term physical therapy, or extended prescription drug usage differ from similar types of costs for surgical patients, our measure of incremental costs will not fully reflect differences in costs between the two groups. Over extended follow-up, the difference in costs between surgical and nonsurgical treatment may decrease in magnitude as nonsurgical treatment requires prolonged prescription drug usage, decreases productivity, and may even require surgical intervention at a later age. Conversely, surgical treatment costs may also increase over time due to future revisions or complications, but such increases would be relatively small on average. 16 Additional indirect cost/benefit considerations associated with variation in productivity and absenteeism would further improve our analysis of surgical and nonsurgical treatment over an extended time frame.
Conclusions
Our analysis reveals two important findings with regard to the cost-effectiveness of surgical treatment for scoliosis and spinal deformity. First, the analysis estimates an ICER of $80,387 per QALY gained from surgery for the average ASD patient over a 10-year followup. Based on the WHO's suggested upper threshold for cost-effectiveness (3 times per capita GDP, or $140,000 in 2010 dollars), the analysis reveals that surgical treatment for ASD is cost-effective after a 10-year period. These results represent a best-case scenario for an average ASD patient whose HRQOL would deteriorate under nonoperative care. At earlier follow-up intervals, the ICER well exceeds the WHO threshold, highlighting the importance of extended follow-up and accurate HRQOL prediction in the appropriate economic evaluation of surgical treatment for ASD.
From a policy standpoint, our findings may also support a brief period of surveillance for patients with relatively high baseline HRQOL. Provided we can identify patients whose HRQOL would further deteriorate without surgery, the results indicate that surgical treatment can be a cost-effective intervention for such patients. If deterioration in HRQOL is clearly documented prior to surgery, then the economic value of surgical intervention for such patients could be more easily supported and quantified.
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